Verification and validation of numerical models of natural systems is impossible. This is because natural systems are never closed and because model results are always nonunique. Models can be confirmed by the demonstration of agreement between observation and prediction, but confirmation is inherently partial. Complete confirmation is logically precluded by the fallacy of affirming the consequent and by incomplete access to natural phenomena. Models can only be evaluated in relative terms, and their predictive value is always open to question. The primary value of models is heuristic.
L recent years, there has been a dramatic increase in the use of numerical simulation models in the earth sciences as a means to evaluate large-scale or complex physical processes. In some cases, the predictions generated by these models are considered as a basis for public policy decisions: Global circulation models are being used to predict the behavior of the Earth's climate in response to increased CO2 concentrations; resource estimation models are being used to predict petroleum reserves in ecologically sensitive areas; and hydrological and geochemical models are being used to predict the behavior of toxic and radioactive contaminants in proposed waste disposal sites. Government regulators and agencies may be required by law to establish the trustworthiness of models used to determine policy or to attest to public safety (1, 2); scientists may wish to test the veracity of models used in their investigations. As a result, the notion has emerged that numerical models can be "verified" or "validated," and techniques have been developed for this purpose (1, (3) (4) (5) .
Claims about verification and validation of model results are now routinely found in published literature (6).
Are claims ofvalidity and verity of numerical models legitimate (2, 7)? In this article, we examine the philosophical basis of the terms "verification" and "validation" as applied to numerical simulation models in the earth sciences, using examples from hydrology and geochemistry. Because demand for the assessment of accuracy in numerical modeling is most evident at the interface between public policy and scientific usage, we focus on examples relevant to policy (8) . The principles illustrated, however, are generic. Verification: The Problem of "Truth"
The word verify (from Latin, verus, meaning true) means an assertion or establishment of truth (9). To say that a model is verified is to say that its truth has been demonstrated, which implies its reliability as a basis for decision-making. However, it is impossible to demonstrate the truth of any proposition, except in a closed system. This conclusion derives directly from the laws of symbolic logic. Given a proposition of the form "p" entails "q," we know that if "p" is true, then "q" is true if and only if the system that this formalism represents is closed. For example, I say, "If it rains tomorrow, I will stay home and revise this paper." The next day it rains, but you find that I am not home. Your verification has failed. You conclude that my original statement was false. But in fact, it was my intention to stay home and work on my paper. The formulation was a true statement of my intent. Later, you find that I left the house because my mother died, and you realize that my original formulation was not false, but incomplete. It did not allow for the possibility of extenuating circumstances (10). Your attempt at verification failed because the system was not closed.
This example is trivial, but even an apparently trivial proposition can be part of a complex open system. Indeed, it is difficult to come up with verbal examples of closed systems because only purely formal logical structures, such as proofs in symbolic logic and mathematics, can be shown to represent closed systems. Purely formal structures are verifiable because they can be proved by symbolic manipulations, and the meaning of these symbols is fixed and not contingent on empirically based input parameters (11).
Numerical models may contain closed mathematical components that may be verifiable, just as an algorithm within a com-SCIENCE * VOL. 263 * 4 FEBRUARY 1994 puter program may be verifiable (12). Mathematical components are subject to verification because they are part of closed systems that include claims that are always true as a function of the meanings assigned to the specific symbols used to express them (13). However, the models that use these components are never closed systems. One reason they are never closed is that models require input parameters that are incompletely known. For example, hydrogeological models require distributed parameters such as hydraulic conductivity, porosity, storage coefficient, and dispersivity, which are always characterized by incomplete data sets. Geochemical models require thermodynamic and kinetic data that are incompletely or only approximately known. Incompleteness is also introduced when continuum theory is used to represent natural systems. Continuum mechanics necessarily entails a loss of information at the scale lower than the averaging scale. For example, the Darcian velocity of a porous medium is never identical to the velocity structure at the pore scale. Finer scale structure and process are lost from consideration, a loss that is inherent in the continuum mechanics approach.
Another problem arises from the scaling-up of nonadditive properties. The construction of a numerical simulation model of a ground-water flow system involves the specification of input parameters at some chosen scale. Typically, the scale of the model elements is on the order of meters, tens of meters, or kilometers. In contrast, the scale on which input parameters are measured is typically much smaller, and the relation between those measurements and larger scale model parameters is always uncertain and generally unknown. In some cases, it is possible to obtain input data at the scale chosen by the modeler for the model elements (for example, pump tests), but this is not often done, for practical reasons. Even when such measurements are available, they are never available for all model elements (14).
Another reason hydrological and geochemical models are never closed systems is that the observation and measurement of both independent and dependent variables are laden with inferences and assumptions. For example, a common assumption in many geochemical models of water-rock interaction is that observable mineral as-semblages achieve equilibrium with a modeled fluid phase. Because relevant kinetic data are frequently unavailable, kinetic effects are assumed to be negligible (15). But many rocks contain evidence of disequilibrium on some scale, and the degree of disequilibrium and its relation to kinetic controls can rarely, if ever, be quantified. To attempt to do so would necessarily involve further inferences and assumptions. Similarly, the absence of complete thermodynamic data for mineral solid solutions commonly forces modelers to treat minerals as ideal endmembers, even when this assumption is known to be erroneous on some level. Measurement of the chemical composition of a mineral phase to estimate the activities of chemical components within it requires instrumentation with built-in assumptions about such factors as interference effects and matrix corrections. What we call data are inference-laden signifiers ofnatural phenomena to which we have incomplete access (16). Many inferences and assumptions can be justified on the basis of experience (and sometimes uncertainties can be estimated), but the degree to which our assumptions hold in any new study can never be established a priori. The embedded assumptions thus render the system open.
The additional assumptions, inferences, and input parameters required to make a model work are known as "auxiliary hypotheses" (17). there is no way to know that this cancellation has occurred. A faulty model may appear to be correct. Hence, verification is only possible in closed systems in which all the components of the system are established independently and are known to be correct. In its application to models of natural systems, the term verification is highly misleading. It suggests a demonstration of proof that is simply not accessible (26).
Validation
In contrast to the term verification, the term validation does not necessarily denote an establishment of truth (although truth is not precluded). Rather, it denotes the establishment of legitimacy, typically given in terms of contracts, arguments, and methods (27) The comparison of numerical with analytical solutions is a critical step in code development; the failure of a numerical code to reproduce an analytical solution may certainly be cause for concern. However, the congruence between a numerical and an analytical solution entails nothing about the correspondence of either one to material reality. Furthermore, even if a numerical solution can be said to be verified in the realm of the analytical solution, in the extension of the numerical solution beyond the range and realm of the analytical solution (for example, time, space, and parameter distribution), the numerical code would no longer be verified. Indeed, the raison de'tre of numerical modeling is to go beyond the range of available analytical solutions. Therefore, in application, numerical models cannot be verified. The practice of comparing numerical and analytical solutions is best referred to as bench-marking. The advantage ofthis termwith its cultural association with geodetic practice-is that it denotes a reference to an accepted standard whose absolute value can never be known (33).
Calibration of Numerical Models
In the earth sciences, the modeler is commonly faced with the inverse problem: The distribution of the dependent variable (for example, the hydraulic head) is the most well known aspect of the system; the distribution of the independent variable is the least well known. The process of tuning the MI Ri$ model-that is, the manipulation of the independent variables to obtain a match between the observed and simulated distribution or distributions of a dependent variable or variables-is known as calibration.
Some hydrologists have suggested a twostep calibration scheme in which the available dependent data set is divided into two parts. In the first step, the independent parameters of the model are adjusted to reproduce the first part of the data. Then in the second step the model is run and the results are compared with the second part of the data. In this scheme, the first step is labeled "calibration," and the second step is labeled "verification." If the comparison is favorable, then the model is said to be "verified" (3, p. 110; 4, p. 253) . The use of the term verification in this context is highly misleading, for all the reasons given above. A match between predicted and obtained output does not verify an open system. Furthermore, models almost invariably need additional tuning during the socalled verification phase (3, p. 110). That is, the comparison is typically unfavorable, and further adjustments to the independent parameters have to be made. This limitation indicates that the so-called verification is a failure. The second step is merely a part of the calibration.
Given the fundamental problems of verification, Bas van Fraassen (22) has argued that the goal of scientific theories is not truth (because that is unobtainable) but empirical adequacy. Using van Fraassen's terminology, one could say that a calibrated model is empirically adequate. However, the admission that calibrated models invariably need "additional refinements" (3, p. 110) suggests that the empirical adequacy of numerical models is forced. The availability of more data requires more adjustments. This necessity has serious consequences for the use of any calibrated model (or group of models) for predictive purposes, such as to justify the long-term safety of a proposed nuclear or toxic waste disposal site. Consider the difference between stating that a model is "verified" and stating that it has "forced empirical adequacy" (34 (42) . We are left with the conclusion that we can never verify a scientific hypothesis of any kind. The more complex the hypothesis, the more obvious this conclusion becomes. Numerical models are a form of highly complex scientific hypothesis. Confirmation theory requires us to support numerical simulation results with other kinds of scientific observations and to realize that verification is impossible.
Numerical Models and Public Policy
Testing hypotheses is normal scientific practice, but model evaluation takes on an added dimension when public policy is at stake. Numerical models are increasingly being used in the public arena, in some cases to justify highly controversial decisions. Therefore, the implication of truth is a serious matter (43). The terms verification and validation are now being used by scientists in ways that are contradictory and misleading. In the earth sciences-hydrology, geochemistry, meteorology, and oceanography-numerical models always represent complex open systems in which the operative processes are incompletely understood and the required empirical input data are incompletely known. Such models can never be verified. No doubt the same may be said of many biological, economic, and artificial intelligence models.
What typically passes for validation and verification is at best confirmation, with all the limitations that this term suggests. Confirmation is only possible to the extent that we have access to natural phenomena, but complete access is never possible, not in the present and certainly not in the future. If it were, it would obviate the need for modeling. The central problem with the language of validation and verification is that it implies an either-or situation. In practice, few (if any) models are entirely confirmed by observational data, and few are entirely refuted. Typically, some data do agree with predictions and some do not. Confirmation is a matter of degree. It is always inherently partial. Furthermore, both verify and validate are affirmative terms: They encourage the modeler to claim a positive result (44). And in many cases, a positive result is presupposed. For example, the first step of validation has been defined by one group of scientists as developing "a strategy for demonstrating [regulatory] questions-thereby illuminating which aspects of the system are most in need of further study, and where more empirical data are most needed. Thus, the primary value of models is heuristic: Models are representations, useful for guiding further study but not susceptible to proof. The idea of model as representation has led the philosopher Nancy Cartwright to the claim that models are "a work of fiction" (46). In her words, "some properties ascribed to objects in the model will be genuine properties of the objects modeled, but others will be merely properties of convenience." Her account, which is no doubt deliberately provocative, will strike many scientists as absurd, perhaps even offensive. While not necessarily accepting her viewpoint, we might ponder this aspect of it: A model, like a novel, may resonate with nature, but it is not a "real" thing. Like a novel, a model may be convincingit may "ring true" if it is consistent with our experience of the natural world. But specific process, a particular site, or a given range of applicability. Unfortunately, even with such a degree of specificity, the elements of the model (the conceptualization, the site-specific empirical input parameters, the estimated temperature range) are still underdetermined. Furthermore, he notes that establishing "the range of application" of a model cannot be done independently of the desired performance criteria. "There is the possibility that a performance criterion could be defined in such a way that the quantity of interest can never be predicted with sufficient accuracy because of intrinsic uncertainties in the data ... Thus, one has to modify the performance criterion to something more plausible yet still acceptable for the problem at hand" (C. F. Tsang, in (14) , 1986) . This definition conflates the generic numerical simulation code with the site-specific model. A sitespecific model might accurately represent a physical system, but there is no way to demonstrate that it does. A code is simply a template until the parameters of the system are put in, and therefore could not, even in principle, accurately represent a physical system. 
. 31. In defining model "validation," these workers use the descriptor "adequate" rather than "good," presumably because they recognize the difficulty of defining what constitutes a "good" representation. They propose that a model need only be "adequate" for a "given purpose," in this case compliance with federal regulations. But this definition begs the question of whether the regula- The unimolecular conversion of (-)chorismate into prephenate (Fig. 1) the first nonhydrolytic reactions to be catalyzed by an antibody (3, 4) . This concerted transformation, formally a Claisen rearrangement, has been intensively studied as a rare example of a biologically relevant pericyclic reaction (5-11). In microorganisms and higher plants prephenate production is the committed step in the biosynthesis of tyrosine and phenylalanine, and the enzyme chorismate mutase accelerates this reaction by more than 2 million. Although the precise factors that contribute to the efficiency of the enzyme are still poorly understood, it is known that the uncatalyzed reaction occurs through an asymmetric chairlike transition state 2 in which carbon-oxygen bond cleavage precedes carbon-carbon bond formation (7, 8) . In aqueous solution the flexible chorismate molecule preferentially adopts the extended pseudodiequatorial conformation la and must be converted to the higher energy pseudo-diaxial conformer lb on the way to the transition state (9). Binding sites that are complementary to the compact transition state species (and the corresponding substrate conformer) would therefore be expected to increase substantially the probability of reaction. The favorable entropy of activation (AAS* = 13 cal K-1 molt) of the enzyme-catalyzed process compared to the spontaneous thermal rearrangement is consistent with this idea (6), as is the observation of strong enzyme inhibition by the conformationally restricted endooxabicyclic dicarboxylic acid 4 which approximates the structure of 2 (12). Stabilization of any charge separation in the transition state through electrostatic or hydrogen bonding interactions might also contribute to the potency of the enzyme (13). 
